Nauplius larvae (Stages I-VI) and cyprids of Tetraclita squamosa (Brugiére, 1789) and Tetraclita japonica (Pilsbry, 1916) were cultured and their morphologies compared using light microscopy and scanning electron microscopy (SEM). Using a mixture of Skeletonema costatum Greville, 1866, Isochrysis galbana Parke, 1938, and Tetraselmis Stein, 1878, sp. as food, the larvae of both species completed naupliar development and metamorphosed to cyprids in ;14 days at 208C. The body shape and size of the larvae of both species are similar. The major diagnostic morphological difference is the setation of the antennulae and mandibulae. From Stage V to VI, the antennulae of T. japonica bear one more preaxial seta than T. squamosa. From Stage IV to VI, the mandibulae of T. japonica also bear one more simple seta on the endopodite than T. squamosa. The size, shape, antennular morphology, and surface sculpturing of the cyprids of the two species are similar when observed under SEM. The morphology of T. squamosa and of T. japonica is compared with those of the larvae of other Tetraclita species, and taxonomic relationships within the possibly monophyletic Tetraclitidae are discussed.
The culture and study of the development of barnacle larvae has been largely conducted for taxonomic and phylogenetic investigations (Barker, 1976; Standing, 1980; Jensen et al., 1994; Elfimov, 1995; Korn, 1995) . Differences in larval morphology in Australian Megabalanus Hoek, 1913, for example, have led to separation of three different genera (Egan and Anderson, 1985) and larvae of Elminius plicatus Gray, 1843, were reported to be similar with Tetraclita (see Barker, 1976) , resulting in its repositioning within the family Tetraclitidae (Ross, 1970; Foster, 1978) . In recent years, with advances in the use of a scanning electron microscope (SEM), investigations of the structure of larvae (e.g., head shield surface sculpturing, head shield setae arrangement, and cypris antennular morphology; Walker and Lee, 1976; Walossek 1993; Collis and Walker, 1994; Elfimov, 1995; Glenner and Høeg, 1995; Walossek et al., 1996; Yan and Chan, 2001 ) has resulted in a greater resolution of morphologically similar species (see Glenner et al., 1989; Anderson et al., 1990; Jensen et al., 1994; Glenner and Høeg, 1995) .
Interspecific diagnostic characters of nauplius larvae include their size and shape (e.g., Chthamalus stellatus Poli, 1971, and Chthamalus montagui Southward, 1976; Burrows et al., 1999) ; appendage setation (see the key for identifying larvae by setation in Miller and Roughgarden, 1994) ; length of frontal horns; hind body and the head shield surface organs (lattice organs) in cyprids (Elfimov, 1995; Korn, 1995) . The cypris larvae of species are similar in morphology when observed under the light microscope, but interspecific differences can be observed in head shield sculpturing, head shield setae arrangement, and antennular morphology when they are investigated under the SEM (Standing, 1980; Elfimov, 1995; Glenner and Høeg, 1995) .
Tetraclita squamosa (Brugiére, 1789) is a tropical intertidal barnacle species once thought to be comprised of three subspecies (Tetraclita squamosa squamosa Brugiére, 1789, Tetraclita squamosa japonica Pilsbry, 1916 , and Tetraclita squamosa formosana Hiro, 1939) in the South China Sea and Japanese waters (Newman and Ross, 1976) . Using allozyme electrophoresis, DNA analysis, and diagnostic morphological features of parietes colour, scutal-tergal flap pattern, and also tergum morphology, these can be separated into three valid species (Yamaguchi, 1987; Hasegawa et al., 1996; Chan, 2001) . In Hong Kong, only Tetraclita squamosa and Tetraclita japonica exist (Chan et al., 2000) . Although the diagnostic morphological character (the parietes colour and tergal-scutal angle in the tergum, see Chan, 2001 ) of adult T. squamosa and T. japonica has been reported in Hong Kong, there has been little research on the morphology of the larvae of Tetraclitidae (Karande, 1974) , and only a brief description of the larval shape of Tetraclita squamosa squamosa (Hirano, 1953) exists in the literature. The present study aims at studying the larval morphology (limb setation, head shield sculpturing, size and body shape) of T. squamosa and T. japonica on Hong Kong rocky shores using light microscopy and SEM to provide further taxonomic information.
MATERIALS AND METHODS

Larval Culture
Clumps of adult Tetraclita squamosa (rostrocarinal basal diameter . 22 mm, i.e., with mature gonads; Cai and Huang, 1986) were collected from Chung Hum Kok and Butterfly Beach, Hong Kong during May-June 1998. Clumps of Tetraclita japonica were collected from Chung Hum Kok during June-October 1998. The two species were collected at different times of the year as they have slightly different reproductive seasons (T. squamosa: May-June; T. japonica: June-October; see Cai and Huang, 1988) . Egg masses were dissected from the mantle cavity of individuals, rinsed with 0.45 lm filtered sea water (to remove bacterial and protozoan contamination), and cultured in 500 mL of 0.45 lm filtered sea water, which was continuously aerated. All the containers were kept in an incubation chamber (Gallenkamp) at 208C (mean sea water temperature at the collection site) in a 16:8 h. light-dark cycle. The sea water was changed every two days until nauplii hatched from the egg masses.
Newly hatched nauplii larvae were concentrated and collected using a point-light source. The larvae were cultured in 500 mL of activated-carbon treated (2 g L ÿ1 to remove trace soluble toxins such as ammonia; James, 1978) 0.45 lm filtered sea water at an approximate density of 2-3 larvae mL ÿ1 (Barker, 1976) . The sea water was continuously aerated and changed every two days to avoid accumulation of waste products. Diatoms (Skeletonema costatum Greville, 1866, Tetraselmis Stein, 1878, sp., and Isochrysis galbana Parke, 1938, cultured in Carolina algal-gro sea water medium were supplied as food. The algal mixture was added to the larval culture (after the sea water was renewed) until the water appeared cloudy to ensure excess food supply (Barker, 1976) . Antibiotics (Streptomycin phosphate at 37.5 mg L ÿ1 ; Tighe-Ford et al., 1970) were added to inhibit gram-negative bacterial growth which foul the larval limbs, reducing feeding efficiency. All the containers and glassware used for larval culture were autoclaved (1218C for 15 min) before use. The cultures were continued until the larvae moulted through all six stages to become cyprids.
Larval Morphology and Size
Larvae were pipetted out daily to record their morphology, and representative samples were preserved using 30% ethanol (Miller and Roughgarden, 1994) . Larval morphology (structure and setation of appendages, trophi, head shield structure, and hind body) was observed using Olympus BX50 and Leica Dialux compound microscopes. Larvae (;40) at each stage were relaxed in 0.1% MS 222 in sea water, and the structure and shape of the head shield and ventral thoracic processes were observed under magnifications of 203 and 403. The appendages (antennulae, antennae, and mandibulae) were then dissected from the larval body using a pair of extra-fine scalpels. The structure and setation arrangement (following Newman, 1965) of the appendages was drawn and recorded from photomicrographs (Barker, 1976; Molares et al., 1994) taken at 203 and 403 magnification with different depths of field to improve resolution of fine structures. The total length (distance between the anterior margin and the dorsal thoracic spine), head shield width (greatest width behind the frontal horns), and head shield length (distance between anterior shield margin and posterior shield margin has been measured after Stage IV; Burrows et al., 1999) were measured using a calibrated eyepiece micrometer. Total length, head shield width, and head shield length measurements between stages of the two species were analyzed using two-way ANOVA (fixed factors: stage and species).
The structure of the frontal horns, labrum, posterior process and head shield surface sculpturing, and antennulae of cyprids were investigated using scanning electron microscopy (SEM, Leica Stereoscan 440; see Walker, 1973; Walker and Lee, 1976; Glenner and Høeg, 1995) . Larvae were relaxed in 0.1% MS 222 solution for 1 h, rinsed in filtered sea water, and fixed in 2.5% glutaraldehyde (sea water base) for 1 h. The larvae were then dehydrated in graded ethanols, 30%, 50%, 75%, 95%, and 100%, critical point dried, and Gold-Palladium coated prior to being observed in the SEM at a range of magnifications up to 20003. Terminology for describing the larval structure follows Walossek et al., (1996) and Glenner (1998 Tetraclita squamosa and T. japonica increased in size (length and width) at each successive naupliar stage ( Fig. 1; Table 2 ), except in the transition between Stage II and III. The Stage I larvae of T. squamosa are ;270 lm 3 190 lm (mean length 3 mean width), and T. japonica are similar in size (276 lm 3 181 lm). The head shield is triangular, the frontal horns are pointed in a posterior direction, and the hind body has some small marginal spinules (Figs. 2, 3, (10) (11) (12) . The edge of the head shield of both species is smooth and without spines throughout all of the six naupliar stages (Figs. 2, 3 ). All the setae on the appendages are of the simple type at Stage I (Figs. 4-9; Table 3), and there is no difference in setation between T. squamosa and T. japonica (Table 3) .
Both the length and width of the larvae are twice as large for Stage II as for Stage I larvae (Fig. 1; Tables 2, 5 ). The head shield of both species is wine-glass shaped, and the frontal horns point anteriorly, a character consistent through to Stage VI (Figs. 2, 3 ). The surface of Table 2 . ANOVA table to investigate the length, width, and head shield length between larval stages and between Tetraclita squamosa (TS) and Tetraclita japonica (TJ). Significant terms were further tested using SNK tests (*: P , 0.05; NS: not significant). (Walker, 1973) and small spines protruding from the surface (Figs. 13, 14) . A pair of spines is present on the hind body (Figs. 13, 14) . The surface head shield of both species is composed of a pair of sensory setae on the dorsal region in which there is a pore between them (Fig. 10C, D) . There is also a gland spine on the lateral side of the head shield (Fig. 10A, B) . The paired setae, the central pore, and the gland spine also exist on Stage III, but all of these structures cannot be observed from Stage IV. The setation of the antennulae remain unchanged in Stage II larvae, but some of the simple setae have changed to plumose setae. The number of seta on the antennae and mandibulae increase for both species when the larvae reach Stage II. The exopodite of the antennae and mandibulae has six and five setae respectively. There are no differences in the setation and setal structure of the mandibulae between the two species during Stages I and II (Table 3; Figs. 4-9). The antennae of T. squamosa, however, show intraspecific variation in different combinations of simple and plumose setae in the exopodite as compared to T. japonica. There are four segments on the antennulae in both species through the six naupliar stages. The number of segments on the antennae and mandibulae of T. squamosa and T. japonica, however, also These variations occur through the six naupliar stages. The labrum of both species is trilobed with plumose setae (Figs. 15, 16 ). Stage III larvae are of a similar size to Stage II larvae for both species (Fig. 1; Tables 2, 5 ). The hind body is also similar between the two stages, but the patterns of spines are different from Stage II (Figs. 10-12) . Ventral perforations are not present on the frontal horns of both species from Stage III (Figs. 13, 14) . One new preaxial, simple-type seta is found on the antennulae of both species. Both of the exopodites of the antennae and mandibulae bear two more setae in Stage III. There are no differences in appendage setation between the two species at stage III (Table 3; Figs. 4-9). The labrum of both species is also trilobulated with plumose setae (Figs. 15, 16 ).
The mean size of larvae of both species continued to increase after Stage III and reached 538 3 320 3 354 lm (mean total length 3 total width 3 head shield length) in T. squamosa, and 609 3 254 3 385 lm in T. japonica at Stage IV ( Fig. 1; Tables 2, 5 ). Tetraclita japonica is larger than T. squamosa from Stage IV to V (Table 1) . At Stage IV, the head shield of both species extends into two posterior spines (Figs.  2, 3) . The curvature of the head shield increases, becoming more rounded (Fig. 17 for lateral  views) , and the pair of trunk spines on the hind body also increase in size (Figs. 2, 3, 10-12) . One more preaxial, simple-type seta is present on the antennulae and the exopodite of both mandibulae, and the antennae have one extra seta for both species (Figs. 4-9 ; Table 3 ). Most of the samples (more than 60%, larvae number ¼ 50) of T. squamosa observed have the formula: SSPP: 4PSS in the exopodite of the antennae, whilst T. japonica has a formula of 5P: 5PS (Table 3 ). The number and types of setae in the antennae, however, vary between individuals in both species, resulting in the difference in setal arrangements and types of antennae between the two species being variable. Mandibulae of T. japonica showed little variation, having only one more simple-type seta in the third segment of the endopodite than T. squamosa (Figs. 6, 9 ; Table 3), and this difference was consistent through to Stage VI.
At Stage V, Tetraclita squamosa larvae reach 631 3 371 3 432 lm, whilst T. japonica larvae are larger at 747 3 432 3 471 lm ( Fig. 1; Tables  2, 5 ). The hind body of both species appears Table 5 . Mean length (L), width (W), and cephalic shield length (CL; lm) of Tetraclita squamosa (present study),
Tetraclita japonica (present study), Tetraclita rufotincta (Barnes and Achituv, 1981) , Tetraclita serrata (Griffiths, 1979) , Tetraclita rubescens (Miller and Roughgarden, 1994) , and Tetraclitella karande (Karande, 1974) . NIL: no data available. (Fig. 17) and bears six pairs of thoracic spines and two furcal spines (Figs. 10-12 ). The setation of the two species becomes more complex, and T. japonica has one more preaxial seta on the antennulae than T. squamosa at Stages V and VI (Figs. 4, 7 ; Table 3 ). The diagnostic feature on the antennulae of the two species did not show intraspecific variation, and differences were consistent through to Stage VI. There is no clear fixed difference in the antennae setation between the two species, as this varies between individuals of the same species.
At Stage VI, Tetraclita squamosa measures 716 3 507 3 510 lm, whilst T. japonica is 772 3 482 3 534 lm ( Fig. 1; Tables 2, 5 ). The hind body becomes more pronounced but still has six pairs of thoracic spines and two furcal spines (Figs. 10-12, 17) . The appendages become more apparent, and the third segment of the antennulae is bulbous (Figs. 4, 7) . There are a pair of compound eyes, with a nauplius eye in the anterior portion on the head shield when observed under light microscopes. The difference between the species in the setation of antennulae and mandibulae remains unchanged during Stages V and VI (Table 3 ). The labrum of both species is also trilobed, with plumose setae (Figs. 15, 16) .
The cyprids are smaller (; 590 3 290 lm; Fig. 1, Table 2 ) than the Stage VI larvae, being comparable in size to naupliar Stage III for both species. The shape of the cyprid is sharpened at both ends, with smooth head shield surface sculpturing in both species (Figs. 2, 3, 11) . The head shield surface of T. japonica is covered by small sensory setae (1 lm) arranged symmetrically (Fig. 20) . The distribution of setae on the T. squamosa cyprid surface, however, has not been mapped in the present study, as the head shield surface of the specimens was difficult to clean. The anterior region of the head shield of both species bears two pairs of lattice organs with terminal pores, whilst the posterior region has three pairs (Figs. 18, 19) . The second segment of the antennulae in both species consists of one postaxial seta (p2), and the third segment is a bell-shaped attachment disc (Figs.  18B, 20B ). The disc of both species has two radial setae and an axial sense organ located in the center of the disc (Fig. 18C) . There is also a postaxial seta (p3) at the third segment (Figs. 18D, 20D ). The fourth segment of the antennulae of both species has four smooth subterminal setae (ss) and five terminal setae (a-e) (Figs. 18D, 20D ). The five terminal setae are composed of two long setulated setae, one long, thick and sculptured seta, and one small and smooth seta (Fig. 18B, 20B ). The furcal rami of both species are also similar, having one plumose and three simple setae (Fig. 18E,  20E ).
DISCUSSION
The larvae of Tetraclita squamosa and Tetraclita japonica are planktotrophic, and six naupliar stages and one cypris stage were recorded. The morphology of T. squamosa and T. japonica larvae conforms to the general morphology of Tetraclita larvae (Korn, 1995) . The complete development from naupliar Stage I to cyprid in both Tetraclita species took ;14 days at 198C. Different development times have been recorded in other Tetraclita spp. For Tetraclita serrata Darwin, 1854, it was 14 days at 158C (Griffiths, 1979) , whilst Tetraclita rufotincta Pilsbry, 1916, required only 6-8 days at 228C (Barnes and Achituv, 1981) .
Although adult Tetraclita squamosa and T. japonica can be readily separated into two species (Yamaguchi, 1987; Chan, 2001) , the larval morphologies are very similar at early stages. The setation of the antennulae, antennae, and mandibulae is similar between the two species from Stages I to III. After Stage V to VI, however, T. japonica has one more preaxial seta on the antennulae than T. squamosa, a consistent (observed through three different culture batches) and obvious difference between the two species. During Stages V and VI, the mandibulae of T. japonica also have one more simple-type seta, which is also a consistent pattern between species. Setation differences at the specific level are usually not great (Korn, 1995; e.g., there is no difference in setation between Chthamalus stellatus and C. montagui; Burrows et al., 1999) , although sometimes there is variation in setal types (Newman, 1965) . The variation in setal type and number on the exopodite of the antennae between the two species is, therefore, not a clear morphological difference.
The shape of the head shield is also similar between the two species through all six naupliar stages. Although T. japonica is larger than T. squamosa after Stage III, the larval size is dependent on culture temperature and availability of food. Laboratory-cultured larvae are often smaller than field-collected larvae (Miller and Roughgarden, 1994; Burrows et al., 1999) . Size is, therefore, variable and not a reliable character to distinguish between the larvae of the two species.
Although Tetraclita squamosa and T. japonica larvae are similar, the setation and form of their setae is, however, different from that described for other tetraclitid larvae (e.g., Tetraclita squamosa rufotincta, Barnes and Achituv, 1981; Tetraclita serrata, Griffiths, 1979; Tetraclita rubescens Nilsson-Cantell, 1931, Miller and Roughgarden, 1994) . In Stage I, all the setae of T. squamosa and T. japonica are simple, whilst all other Tetraclita spp. larvae so far investigated have plumose setae (Table  4a) . From Stages II to IV, there are no differences in antennulae setation and structure between T. squamosa, T. japonica, T. serrata, and T. rubescens, whilst the larvae of T. rufotincta have one preaxial seta less than the other species. The overall setation of T. squamosa and T. japonica is similar to T. rubescens, whilst T. rufotincta, which was at one time considered to be a subspecies of T. squamosa (Pilsbry, 1916) , has a greater difference in setation with T. squamosa especially on the antennulae at Stage IV and antennae at Stage V. The development of simple to plumose setae was observed through successive stages in T. squamosa and T. japonica, whilst this pattern is reversible in all other Tetraclita spp. (Table 4) .
The morphology of the cypris antennulae of both Tetraclita larvae is also similar, reflecting the fact they are both rocky-shore species and have similar substratum for settlement (Glenner and Høeg, 1995; Moyse et al., 1995) . The antennulae of Balanus amphitrite Darwin, 1854, and Semibalanus balanoides Linnaeus, 1767, cyprids are also similar to both Tetraclita squamosa and T. japonica (Glenner and Høeg, 1995) , and the only difference in their morphology is that S. balanoides has eight radial setae on segment III whilst both B. amphitrite and Tetraclita spp. have two radial setae, suggesting the cypris antennulae show small morphological variation between the family levels (see Glenner and Høeg, 1995) .
The feeding behaviour of the nauplii in the different species of Tetraclita varies; some species are planktotrophic whereas others are lecithotrophic (Crisp, 1985; Korn, 1995) . The naupliar larvae of Tetraclita squamosa and T. japonica are planktotrophic, similar to those of T. serrata and T. rubescens (Griffiths, 1979; Miller and Roughgarden, 1994) . In contrast, T. rufotincta has been reported to have lecithotrophic larvae and develop to the cyprid stage without a supply of food (Barnes and Achituv, 1981) . The labrum of both T. squamosa and T. japonica are trilobed with plumose setae and coxal gnathobase, which further confirms their planktotrophic feeding modes. The size of T. squamosa and T. japonica larvae in the present study was similar to T. serrata, T. rubescens, and Tetraclitella karandei Ross, 1971 . In contrast, T. rufotincta larvae are reported to be twice as large at Stage I (;590 lm, Table 5 ). The larger size of T. rufotincta larvae is probably related to their development and the need for reserves of lipid (Barnes and Achituv, 1981; Crisp, 1985) .
Tetraclita rubescens, which has also been treated as a subspecies of T. squamosa (Newman and Ross, 1976) , have similar appendages when compared with T. squamosa and T. japonica than to other Tetraclita species, reinforcing the postulated close relationship between these three Tetraclita spp. The great differences in the appendage morphologies, feeding behaviour, and size of Tetraclita rufotincta larvae (Barnes and Achituv, 1981) , as compared to T. squamosa and T. japonica larvae, suggest that the taxonomic status of the former taxon has been confused in the past. This supports the findings of Ross (1999) , who separated T. squamosa rufotincta into three species (Tetraclita rufotincta, Tetraclita barnesorum Ross, 1999, and Tetraclita achituvi Ross, 1999) . Fig. 18 . Cyprids of Tetraclita squamosa. A, whole larva showing smooth surface sculpturing of head shield; B, antennulae; C, attachment disc showing the axial organ; D, segment IV of antennulae showing the subterminal setae (ss) and the five terminal setae (a-e); E, furcal rami; F, thoracopods; G, setae on the head shield surface, arrow indicates the enlarged view of seta illustrated in H; scale bars in lm. LITERATURE CITED
